Introduction 33
Temperature fluctuations are an inevitable part of microbial life in exposed natural 34 environments; however, sub-optimal temperatures are also common in industrial 35 processes. Low temperatures (10-15 ºC) are used in wine fermentations to enhance 36 production and retain flavor volatiles. In this way, white and rosé wines of greater 37 aromatic complexity can be achieved (Beltran et al., 2008; Torija et al., 2003) . The 38 optimum fermentation temperature for Saccharomyces is between 25 and 28 ºC. where y=ln(OD t /OD 0 ), OD 0 is the initial OD and OD t is the OD at time t; 166 D=ln(OD t /OD 0 ) is the asymptotic maximum, µ max is the maximum specific growth rate 167 (h -1 ), and λ the lag phase period (h) (Salvadó et al., 2011) . Generation time (GT) was 168 calculated using the equation GT=ln2/µ max We normalized this value by subtracting the 169
GT of S. cerevisiae BY4742 and hoQA23 (control strains). 170
 171
Spot test 172
To analyze growth phenotypes of mutant strains, cells grown on SC to stationary phase 173 (OD600 ~ 4) were harvested by centrifugation, washed with sterile water, resuspended 174 in sterile water to an OD (600 nm) value of 0.5, followed by serial dilution of 10 -1 , 10 -2 , 175
10
-3 and 10 -4 . From each dilution, 3.5 L was spotted onto SC agar plates. The plates 176 were incubated at 28 ºC and 12 ºC for 2-9 days. 177 178
Lipid extraction 179
Mutant and overexpressing strains were grown in SC for 48 hours at 28 ºC. Geneticin 180 was also added (200 mg/L) to the SC medium of the overexpressing strains to stabilize 181 the plasmid and promote overexpression of the genes. Cells were frozen until the 182 different lipid analyses. Prior to lipid extraction, a solution of 100 L of cold methanol 183 and 20 L of EDTA 0.1 mM was added to the yeast cells (5-10 mg dry mass) with 1 g 184 glass beads (0.5 mm, Biospec Products) in Eppendorf, and then mixed for 5 minutes in 185 a mini-bead-beater-8 (Biospec Products, Qiagen). Lipid extraction was performed in 186 two steps with 1 mL chloroform/methanol (2:1, v/v, for 1 hour), one step with 1 mL 187 chloroform/methanol (1:1, v/v, for 1 hour) and one step with 1 mL chloroform/methanol 188
(1:2, v/v, for 1 hour). All the organic phases were transferred to a 15 mL glass screw 189 tube and cleaned twice by adding KCl 0.88% (1/4 of a total volume of the extract). were purchased from Sigma and were applied to every plate in the range of 1-4 µg/µL. 217
After TLC, lipids were charred with 10% CuSO 4 in 8% H 3 PO 4 and heated to 160 ºC for 218 4 min on a TLC Plate Heater (CAMAG). Plates were scanned and each spot of the 219 image was quantified as integrated optical densities (IOS) with ImageJ software (a 220 public domain, Java-based image processing program developed at the National 221
Institute of Health). Calibration curves were constructed by applying standards to each 222 plate in the range of 1-4 µg/µL to quantify the NLs. These values were related to the 223 cell dry weight and expressed as a percentage of total NLs extracted. 224 225
Determination of total yeast fatty acids 226
Yeast cells (5-10 mg dry mass) were placed in sealed tubes with a Teflon-lined screw 227 cap and saponified using a 1 mL of 5% NaOH in 50% methanol/water (Rozès et al., 228 1992) . The tubes were placed in a dry bath (100 ºC) for 5 minutes. Samples were 229 vortexed and then the tubes were placed in a dry bath (100 ºC) for another 25 minutes. 230
Then the saponified material was cooled to room temperature and 2 mL HCl 6M was 231 added. Free fatty acids were extracted by adding 500 µL hexane: tert-Butyl methyl ether 232 (MTBE) (1:1, v/v). Each tube was vortexed twice for 30 seconds. The organic phase 233 was collected after centrifugation at 3000 rpm for 3 minutes. 234
Analytical gas chromatography was performed on a Hewlett-Packard 6850 (Agilent 235 Technologies). 1µL of cellular extract was injected (splitless, 1 minute) into a FFAP-HP 236 column (30m x 0,25mm x 0.25µm from Agilent) with an HP 6850 automatic injector. 237
The initial temperature was set at 140 ºC and increased by 4 ºC/min up to 240 ºC. 238
Injector and detector temperatures were 250 ºC and 280 ºC, respectively. The carrier gas 239 (helium) was at a flow rate 1.4 mL/min. Heptanoic and heptadecanoic acids (10 and 40 240 mg/mL, respectively) were added as internal standards before cell saponification. 
Statistical data processing 246
All experiments were repeated at least three times, and data are reported as the mean 247 value ± SD. Significant differences between the control strain, the mutant and the 248 
Results 254

Generation time (GT) 255
Determination of generation time and spot test in BY4742 lipid mutants 256
In order to determine the importance of lipid metabolism genes on growth at low 257 temperature, we determined GT and carried out spot test for the screening of the 258 BY4742 lipid mutants at 12 ºC and at 28 ºC. Most of the deleted genes analyzed (some 259 deletions produce unviable phenotypes) are shown graphically in their respective 260 pathways (Fig. 1) . The GT of these mutant strains is also grouped on the basis of the 261 biosynthesis pathway to which they belong (phospholipids, sterols and sphingolipids) 262 (Fig. 2) . 263
The strains with deletions in the genes OPI3, CHO2 and PSD1, encoding enzymes of 264 the phospholipid pathway; ERG24, ERG6 and ERG3, from the sterol biosynthesis 265 pathway; and DPL1, involved in sphingolipid pathway significantly increased their GT 266 at 12 ºC compared to the control strain BY4742. Some of these mutant strains also 267 showed significant differences at 28 ºC, but, most of them, these were not as extreme as 268 at 12 ºC (Fig. 2) . 269
Conversely, some mutant strains improved their relative growth. A remarkable decrease 270 in GT was detected for the deletion of ERG2, involved in the synthesis of a precursor of 271 ergosterol (episterol). Likewise, several mutant strains of the sphingolipid synthesis, 272 such as ysr3, csg2, ipt1, sur2, ydc1, lcb4 and lcb3, also decreased their GT 273 significantly compared to control strain BY4742. 274
This data on growth in liquid SC were corroborated by a drop test on a SC agar plate at 275 12 ºC and 28 ºC. Generally, the same mutant strains also showed an impaired growth at 276 low temperature whereas they were hardly affected at 28 ºC. As an example, the drop 277 test for the ERG genes (ergosterol pathway) is shown in Figure 2D . Only the deletion 278 of cardiolipin synthesis (CRD1) led to worse growth on solid medium than in liquid 279 medium at 12 ºC (data no shown). 280 A total of 15 genes, whose deletion showed significant differences in GT in BY4742, 284
were also deleted in the haploid wine strain hoQA23. The first remarkable result was 285 the difference in growth behavior observed depending on the genetic background of the 286 strains in which the genes were deleted. In contrast to the laboratory strain, no deletion 287 yielded better growth than the parental wine strain hoQA23 (Fig. 3A) . Most of the 288 deleted genes from the sphingolipid pathway with a lower GT in BY4742 mutants did 289 not show differences or displayed slow growth (i.e. lcb3) in the hoQA23. Other 290 remarkable differences between both strains were the phenotypes observed for the 291 mutant strains of genes CHO2 and CRD1 in the wine strain hoQA23. The cho2 strain 292 was unable to grow in SC medium (only grew in YPD) but growth was recovered when 293 SC medium was supplemented with choline. Thus the mutation of this gene caused 294 auxotrophy for choline in the wine strain hoQA23. Regarding CRD1, we were unable to 295 delete this gene in hoQA23 because the CRD1 knock-out made this strain unviable. We 296 confirmed that CRD1 is required for viability of this wine strain by further deleting one 297 of the copies of the diploid commercial strain QA23. This heterozygous mutant strain 298 (CRD1/crd1) was sporulated but only the spores of the wild copy (non Geneticin 299 resistant) were recovered in the YPD medium. The heterozygous mutant strain 300 (CRD1/crd1) did not show any differences in terms of GT with the parental strain 301 QA23 (data not shown). Thus this mutation produces unviability but not 302
haploinsufficiency. 303
The mutant strains with significant differences in GT are shown in Figure 3A . erg3,
304
psd1 and opi3 showed the most important increases in GT. These two latter 305 phospholipid mutants also presented impaired growth at 28 ºC, but, as in the case of 306 BY4742, these increases in GT were much more moderate than at low temperature. 307
The six genes whose deletion produced slowest growth were also overexpressed in the 308 wine strain hoQA23. Although lcb4 did not show significant differences in GT, we 309 decided to overexpress this gene because it encodes the enzyme Lcb4, a sphingoid long-310 chain base kinase, which catalyzes the reversible step of Lcb3, and has been related with As expected, the most important modification in phospholipid composition was 332 observed in the mutant strains of phospholipid pathway psd1 and opi3, which 333 showed a significant increase in PI and important reduction of PS, PC and PE (Fig. 4  334 A.1). In fact, PE and PC were not detected in psd1 and opi3 respectively. Moreover, 335 the blockage in PC synthesis in opi3 yielded a new band on HPLTC plates, which may 336 suggest the detection of PMPE and PMMPE intermediates (Fig. 1A) . For psd1, the 337 strong PE reduction seemed to be compensated by a significant increase in CL (Fig. 4  338 A.1). It should be kept in mind that we cannot analyze PL composition of cho2 339 because this mutant was unable to grow in SC medium. 340
It should be highlighted that the parental hoQA23 (control strain of the mutants; panel 341 1) and the same strain transformed with the empty vector pGREG (control strain of the 342 overexpressing strains; panel 2) differed in the composition of some PLs. These 343 differences may be explained by the presence of Geneticin in the growth medium of the 344 overexpressing strains and resistance to this antibiotic encoded in the plasmid. For all 345 the phospholipid overexpressing strains, the most important changes were observed in 346 pGREG CHO2 (Fig. 4 A. 2). Contrary to the expected result, overexpression of CHO2 347 induced a significant increase in PE and CL percentages, but a decrease in PC. In fact, 348 most of the overexpressing strains showing significant differences seemed to follow the 349 same trend: to decrease their PC content and increase in PE and CL percentage, except 350 pGREG OLE1 and pGREG DPL1 which had less PE (Table S1) . 351
In contrast to PL composition, the mutant and overexpressing strains involved in sterol 352 synthesis did not show important changes in sterol composition (Fig. 4 
B.1 and 4 B.2). 353
The most remarkable trend is that the overexpressing strains increased the sterol esters 354 and decreased squalene. 355
As expected, pGREG OLE1 significantly increased UFA (mainly in palmitoleic acid 356 C16:1) and decreased saturated fatty acids (SFA) (mainly in palmitic acid C16) (Fig. 5) . 357
However most of the overexpressing strains which showed significant differences in 358 their GT (pGREG OPI3, pGREG IDI1 and pGREG LCB3) also significantly increased 359 the UFA/SFA ratio (Table S1 ). In the case of the mutant strains, the general trend was 360 an increase in C16 and C16:1 and a decrease in C18 and C18:1. This increase in shorter-361 chain fatty acids resulted in a decrease in the average fatty acid chain length of most of 362 the mutant strains. As a paradigm of this trend, we were able to detect the myristoleic 363 acid (C14:1) in erg6 whereas C18 was undetectable in lcb3 (Table S1 ).
365
Principal component analysis (PCA) 366
In order to explore the effect of the deletion and overexpression of the target genes in 367 lipid composition, a PCA was performed on the 19 strains using the untransformed 368 relative concentration of the 18 compounds measured in all strains ( 
420
However, in spite of these differences, we detected gene deletions which significantly 421 affected growth fitness at low temperature in both studied strains. 422
The mutants in the PL synthesis pathway psd1 and opi3 (and cho2 in the BY4742) increased the flux in the other two branches, leading to PI and CL increases (Fig. 1A) . 436
Contrary to PL mutant strains, the overexpression of genes OPI3 and PSD1 produced a 437 significant reduction in GT in the wine strain at low temperatures. Enhanced growth in 438 the PL overexpressing strains could be correlated with changes in lipid composition; 439 however, these overexpressing strains did not significantly increase PE and PC. Even 440 the overexpression of OPI3, which catalyzes the last two steps in PC biosynthesis, 441 decreased the proportion of this PL. This metabolic route must be fine-tuned to avoid 442 imbalances in PL proportion as a consequence of increasing the gene-dosage of some 443 enzymes in the pathway. 444
The deletion and overexpression of ERG3 also produced a phenotype with worse and 445 better growth, respectively, in comparison with the parental strain. This gene encodes a 446 sterol desaturase, which catalyzes the insertion of a double bond into episterol, a 447 precursor in ergosterol biosynthesis. The deletion of this gene has previously been 448 related with cold sensitivity (Hemmi et al., 1995) . These authors correlated the growth 449 defect at low temperature with a defect in tryptophan uptake in the erg3 mutants.
450
Another overexpressed gene in the ergosterol pathway that significantly reduced its 451 duplication time was IDI1 (mutant strain is unviable). We selected this gene because 452 yeast. IDI1 encodes the isopentenyl-diphosphate delta-isomerase which catalyzes the 455 isomerization between isopentenyl pyrophosphate and dimethylallyl pyrophosphate 456 (Fig. 1B) . In terms of sterol composition, the overexpression of this gene did not change 457 the proportion of the main sterols substantially. As in the PL overexpressing strains, it is 458 difficult to correlate improved growth with changes in the composition of the main 459 metabolites of the pathways involving these genes. It must be borne in mind that our 460 methodology was unable to detect ergosterol precursors. Thus, the possibility that 461 deletion or overexpression may produce changes in the concentration of these 462
precursors cannot be ruled out. trehalose. Thus, the excess of intermediates of the sterol pathway in the overexpressing 497 strains can produce an increase in the synthesis of sterol esters. 498
In conclusion, here we report a study aiming to detect the role of key lipid metabolism 499 genes in promoting better growth at low temperature and which can be important in the 500 adaptation to industrial processes. The study has identified genes involved in the 501 phospholipid (PSD1 and OPI3), sterol (ERG3 and IDI1) and sphingolipid (LCB3) 502 pathways whose deletion strongly impaired growth at low temperature, whereas their 503 overexpression reduced generation or division time by almost half. The study also 504 reveals the importance of constructing mutant and overexpressing strains in the genetic 505 background of commercial wine yeast, given the many phenotypic differences observed 506 between these and the laboratory strain. As the impact of all these genes can be 507 modulated by the genetic background, new strains should be tested in future studies to 508 ensure the universality of these mechanisms of adaptation at low temperature. 
